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INSPECTING OPTICAL MASKS WITH 
ELECTRON BEAM MICROSCOPY 

CROSS REFERENCE 

This ^iplication is a coatinuadon ^)plication of an appli- 
catioQ that is assigned to the same assignee that is entitled 
"INSPECTING OPnCAL MASKS WTTH EUECTRON 
BEAM MICROSCOPY^ having Scr. No. OS/252,763 filed 
on Jun. 2, 19^, now abandoned, which is a continuation- 
in-part application d an application entitled TELECTRON 
BEAM INSPECTION SYSTEM AND METHOD" having 
Set No. 07/889,460 filed May 27, 1992, now abandoned. 

This application is further related to another ^yptication 
that is assigned to the same assignee entitled "ELECTRON 
BEAM INSPECnON SYSTEM AND METHOD- having 
Scr. No. 08/214377 filed on Mar. 17, 1994, U.S. Pat No. 
5,502306, which is continuation of a now abandoned ^'pli- 
cation having Scr. No. 07/710351 filed on May 30. 1991, 



This invention relates to the automatic inspection erf 
substrates of various descriptions used in the making of 
micro-circuits and particularly the inspection with an elec- 
tron beam of phase shift masks. 

BACKGROUND OF THE INVENTION 

A prerequisite of niicro-<ircuit production with a reason- 
able yield is defect free masks and wafers to be used in the 
production process. Over the past 12 years a number of 
optical systems have been developed, and patented for the 
automatic in^jcction of optical masks and wafers. (Sec U.S. 
Pat Nos. 4^47^03, 4.805,123^ 4.618.938 and 4.845J58). 
These systems optically pcrfoan a comparison between two 
adjacent dice on a photomask^ reticle or wafer. Similarly, 
technology has evolved to inspect a die against a CAD 
database (See U.S. Pat No. 4,926,487), These optical sys- 
tems are, however, limited to optical masks t)ecause defects 
on X-Ray masks may not be ^^parent in the visible or 
ultraviolet spectrum. Furthermore, optical inspection is lim- 
ited in its resolution capability by the fundamental di&ac- 
tion limit that of course also limits optical Uthograpby. Even 
with phase shift mask techniques it is expected that line 
widths below 0 J5 microns cannot be achieved with optical 
lithography techniques and that X-Ray lithogr^^y will 
dominate for line widths smaller than that 

Advances in optical lithograj^y for the manufacturer of 
microdrcuits have permitted increasingly smaller and 
sDoallcr line widths. As an example, for a 256 megabyte 
DRAM, the line width on the wafer, is between 0.25 and 
035 mioometen. For line widths of this size, phase shift 
masks are used in the manufacture of the semicoodnctor 
device. These masks typically have a quartz base, a pat- 
terned chromium layer on the surface thereof, and phase 
shift wells sdcctiveiy etched into the substrate. Aphase shift 
may also be produced by pattcned, optically transparent, 
natrrial placed on the quartz substrate or the chrooiiDm 
layer of the phase shift noask. 

The iiK^)ectioii(^ masks that are used to produce very fine 
line widths oo the semiconductor to be prodooed, lucfa as the 
type of masks nkaoA to above, requires the detection of 
defects in the patterned chromium layer, as well as the 
measurement of the dcplh of trenches or wells, both wanted 
and UBwamted, ia the quartz. Additionally, it is necessary to 
be able to detect the presence or absence d defects in the 
quartz wUch is also referred to in the vt as the phase shift 
materiaL 
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IVpicaily, phase shift masks, bcousc they arc opdc^ 
transmunve and designed for ase optically, are inspected 
using optical techniques. Those optical inspection tecfa- 
niques have proven to be frequently inadequate for the 
masks tfaM can produce newer fine-line patterns because of 
the hmitatioas in resolution of the poor ait optical inspection 
methods. 

The oo-peoding ipplication from which this application is 
a continuation-in-part application, as identified above, 
descdbes an election microsoope inspection system and the 
use d that system to inspect phmaiily x-ray masks and 
wafers. One shoitcoming of electron •fanning in those 
systems in the past is that they did not measure the optical 

phase shift related to the depth of a well or trench in a known 
matcnal at ttke mask or wafer. 

SUMMARY OF THE INVENTION 

In accordance with the preferred embodiments of the 
present invention, there is disclosed a method and 2q)paratus 
for a charged particle scanning system and an antomatic 
inspection system to inspect optical phase shift masks using 
an electron beam delivered in a charged beam column. In 
one embodtmect there is an automatic system and method 
for the automatic inspection of an optical phase shift mask 
by delivering and scanning a charged particle beam on the 
surface of the mask, detecting backscattered and secondsy 
electrons emanating from the top surfaces of the mask, and 
processing those wavcfcrais to determine the features of the 
mask and to make a determination as to the presence or 
absence of defects by coni^uuison to an other sindiar pattern 
on a mask or a data base for production of the mask under 
inspection. 

In the present invention, a method and apparatus is 
disclosed to measmc the d^Hh of wdls in phase shift masks 
used to produce the desired phase shift, and thereby detect 
any aror in phase shift that would be produced if that mask 
were used. 

The present invention also tllowi for the detection of 
either the presence or the absence of the phase shift mAt^ 'aj 
and can determine the thickness of that matwiai in a phase 
shift mask. 

BRIEF INSCRIPTION OF THE DRAWINGS 

FIG. 1 is an over-all block diagram of the system of the 
present invention. 

FIG. 2 is a gn^cal representation of the scan pattern 
used by the present invention for die-to-^latabase inspection. 

FIG. 3a is a graphical representation of the scan pattern 
used by the present invention for die-to-die inspectioa. 

FIG.36isagrq>hicalitpreseoUtionotfthe multii^e franae 
scan integration technique of the present invention usec^to 
acquire images that are averaged over several scan fidds. 

FKk 3c is a graphical r^vesentation of the nominal 
X-4kAMtion vahie for the beam as a function of time during 
Ibe acM depkted in FIG. 3b. 

PKI is a graphical rqvesentation of the X-coocdinatc 
of ttie baam on ttie substrate as a function of time during the 
son depicted in FIG. 3b. 

FK}. 4 is a schematic rqiresentatioQ that shows the 
ftudkaal etrmffnti of the dectron optical cdnnm and 
c oBmioo iystqn. 

FX2. S is a timtillfifid schematic representation of the 
|M^«fttic primary, secondary, back-scatter and transmitted 
^'^^^ ^^^t through the electron optical column and coUectioii 
tymtm ibown in FIG. 4. 
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FIG. 6 is a siiDplified schematic representation of a 
multi-head electroo gan and vacuum CQrf>?uration. 

FIG. 7 is a block diagram of the positioning control 
subsystem of the present invention. 

FIG. 8 is a schematic representation of the vacuum system 
d the present invention. 

FIG. 9 is a block diagram of the analog deflection system 
of the present invention. 

FIG. 10 is a block diagram of the memory of the present 
invention as shown in FIG. 1. 

FIG. 11 is a blodc diagram of the acquisition pre- 
processor of the present invention. 

FIG. 12 is a modified schematic rqjrcscntation of the 
optical coUmin ctf FIG. 4 to illustrate the electrical coit^ 
nents of the plasma oxidizer subsystem of the present 
invention. 

FIG. 13 is a cross-section view of a phase shift mask 
having a patterned chromium layer on a quartz substrate 
with phase shift prodtxing well etched into the quartz 
substrate. 

FIG. 14 is a cross-section view of a phase shift mask 
having a patterned chromium layer on a quartz substrate 
being bombarded at two locations by an electron beam with 
tear drop patterns supciimposed thereon to illustrate the 
extent of penetration o[ the electron beam into quartz and 
chromium. 

FIG. 15 is a composite drawing of the cross-sectioned 
ooask of FIG. 13 together with the secondary and backscattcr 
electron waveforms aligned with the physical structure of 
the mask to illustrate which portions of each waveform 
results from the ooncsponding physical feature of the mask, 

FIG. 16 is a sin^^ed objective lens portion of the 
electron beam column of HG. 4 to illustrate one placement 
of an annular backscattcr detector within the ccdumn to 
capture the backscattcr electrons of interest firom a phase 
shift nusk. 

FIG. 17 is a composite drawing of a cross- sectioned mask 
having a patterned cfaromiimi layer that partially overhangs 
a well in the substrate together with the secondary and 
backscattcr electron wavefocms aligned with the physical 
structure of the mask to illustrate which portions of each 
waveform results from the cofresponding physical feature <rf 
the mask. 

FIG. 18 is a composite drawing of a cross-secdoned mask 
having a patterned quartz layer on a quartz substrate togetha 
with the secondary and backscatter electron waveforms 
aligned with the physical structure of the mask to illustrate 
which portions of each waveform results from the corre- 
^nding physical feaUire of the mask. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

SYSTEM OVERVIEW 

The present invention provides an economically viaUe, 
automatic charged partick beam inspection system and 
method for the inspection of wafers. X-ray masks and 
similar subctratei in a production environmcnL While il is 
expected that the predoaunant use of the present invention 
will be for the ln^)ectiott of wafers, optical masks, 
masks, electron-bcaat-proodmity masks and stencil masks, 
the techniques disclosed here are applicable to the high 
^>eed electron beam imaging of any matmal. and further- 
more are useful for electron beam writing to e]qx>se photo- 
resist material in the manufacture of masks or wafers. 
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There are two basic modes of operation, depending upoa 
whether the substnte is infflbting or conducting. A ^'hig^ 
voltage ckode** is primaiily intended for the inspection of 
coodncting or conductivdy coated X-ray masks, E-beam 
proKimity fteocQ masks or wafer prints. In this mode, a hig}i 
voltage acanning beam can be used because the smface 
cannot chaige. A *1ow voltage mode" is pnmarily intended 
for the inspection of in-process wafers that include layers d 
non-<x>Dducting materials and of optical masks. In this 
mode^ the use of a lower voltage scanning beam minimizes 
both charging and damage effects. Except for these 
difPerenoes, both modes use similar high speed strategies for 
finding and classifying defects. 

The requirement of economic viability exchides present 
scanning electron microscopes because these devices have 
scanning speeds that are too slow and also require operator 
skills that exceed the skills of much of the available work 
force 

A novel feature of the present invention is its ability to not 
only detect various types of defects but to differentiate 
between theoL By virtue of the present invention being able 
to simultaneously detect and diffcrcotiatc between 
backscattered, transmitted aiMl secondary electrons in "'higji 
voltage mode**, defects can t>e classified readily. As an 
cxanple, a defect detected by only the transmission detected 
on an X-ray mask is probably a void in the absorptive 
materiaL A defea detected by the secondary electron detec- 
tor but not by the back-scattered electron detector is nK>st 
likely an oiganic particle, and a defect detected by the 
badc-scatter electron detector is very likely a contaminant of 
a high atomic weight Because some types of defects, such 
as organic contaminants on X-ray masks, do not print on the 
wafer, the ability to differentiate between various types of 
defects is a significant advantage oi the present inveotioD. 
The present invention therefore permits not only the detec- 
tion of defects but the ability to classify them. 

The system al$o employs a nimibcr of techniques to make 
it suitable for semiconductor manufactiiring operations. To 
avoid contaminants being stirred up, the pump down and 
repressorization speeds are limited and the gas flow is )aspL 
laminar. In order to save time, these operations are done 
concorreDtly with the scanning of anotha sample. To further 
rednce unpixxluctive time, six field emission sources are 
mounted on a turret. Hnally, all the major adjustments of the 
eiectroo beam, usually handled by an operator, are done by 
a conqxiter, thereby permitting the use of the system by 
sonoeoDe of relativcty low skill leveL 

In FK}. 1 there is an overall blodc diagram of an in:9>ec- 
tion system 1# of the present invention. In system It an 
automatic inspection q)paratas of X-ray masks, wafers, and 
other sabstrates, is shown which uses a scanning ekctron 
microooope as its sensor. 

The inspection system has two modes of operation: die- 
to^e and di&4o^tabase. In both nkodes, defects are 
detected by compttring an electron beam image derived frcHn 
scawiig the substrate against a standard. In die-to-die 
iaapeotton, signals from two dice of the same sijbftnde are 
iiiM MfiT if with each other, while in die-to-database inspcc- 
Xkam iK signal from one die derived from the electron 
Bkmoope is c ompar ed with a signal that is derived from 
ttie database which typically is the one that was used to make 

Mbttnt/t 57 to be inspected is held in a holder wtdcfa is 
automatically placed beneath electron beam colunon 2t on 
x-y stage 24 by substrate handler 34. This is acocnoptisbed 
by f^fWKnmn^ng sutwtrate handler 34 by system compoler 34 
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to remove the substrate 57 of interest from a cassette with 
the flat 59 or noCcfa (see FIGS. 2 and 3a) on substrate 57 
bciag detected automaticaBy to properly ocicnt the substrate 
57 in handlcx 34. The substrate is then loaded under cotuma 
2t. Next, the operator yisoally observes the mask through 
optical aliguncot system 22 to locate the ahgnment points 
oothesabelrate (these may be any operator selected features 
oo die substrate) to ensure that the x-directioaal modon of 
the stage is substantially parallel to the x-axis of the care 
area of the substrate patterns. Lc the area of Interest for the 
inspection. That con^letcs the coarse alignment. 

Fine alignment is subsequendy achieved by the operator 
scanning the substrate with the electron beam and observing 
the image on image display 46. All alignment data is then 
stored in alignment oompotcr 21 which works in cooperation 
with system computer 34 for calculation of the actual 
combined x and y motions necessary to scan the die along 
its X and y axes so that no further operator alignment action 
is required for inspections of the same type of substrates. 
Once the substrate is properly aligned, the inspection pro- 
cess is initiated. 

Column 20 and its optical alignmcot system 22, analog 
deflection circuit 3* and detectors 32 (as described more 
completely bdow) then direa an electron beam at substrate 
surface 57 and detect the secondary electrons, the back- 
scattered electrons and those which pass through substrate 
57. That operation and the data collection from that exposure 
is performed by column control computer 42, video frame 
buffer 44, acquisition prc-proccssor 48, deflection controller 
S$, memory block 52. VME bus, VMEl, 29, serves as the 
communication link between the subsystems. 

The position and movement of stage 24 during the inac- 
tion of substrate 57 is contrc^ed by stage servo 26 and 
interferometers 2ft under the control of deflection controller 
5# and alignment computer 21. 

When the corof>ahsoQ nvxie is die-to-database, database 
ad^cr 54 in communication with menKvy block 52 is used 
as a source of the signal that is equivalent to the expected die 
format 

The actual defect processing is peifocmod on the data in 
memory block 52 by defect processor 56 in conjunction with 
post processor 5S, with the communication between these 
blocks being via bus VME2, 31. 

The overall opcratioD of the system is performed by 
system computer 36, user keyboard 40 and computer display 
38 in communication with the other blocks via a data bus 23 
which may be similar to an Ethernet bus. (Ethernet is a 
trademark Xerox Corp.) 

Next, FIG. 2 illustrates the scan patten o( the present 
invcatioa for the inspection in the die-to-database mode. 
Here a single die 64 is shown on substrate 57. Within die 64 
there is a care area 65, or area of significance, that is to be 
inspected. This area is the area where the critical information 
is recorded on substrate 57. Dunng the inspection of die 64 
the elfective scaiming motion in the x-diiection is provided 
by moving stage 24 and the effective motion in the 
y-dtrectk>n is provided by deflection of the electron beam 
within each twarth which ii as wide as the illustrative swath 
60. When the inspectioQ swath reaches the rig^t side oi die 
64, stage 24 is moved in the y direcdos less than a full swath 
width. Since the x-y coordinate system of substrate 57 mxy 
mat be aligned exactly with the x-y coordinates of stage 24 
and oohmm 29, the actual movezncnt o£ stage 24 and the 
deflection of the beam of oofamm 20 will each hnve an x and 
y ooa^K>iient doring dte scanning of a die 64. 

lb fully inspect the care area 65, the inspection is per- 
focmed in a back and forth pattern 62 with each of the passes 



iDustnted by patton 42 bcmg a swath that slightly overlaps 
the adjacent swath with the swath having a width of that of 
illustrative swath 61. 

In the dic-to-datsbtsc mode the signal cctxcsponding to 
each swath is oGonpared with the rimulatrd signal derived 
from database adapter 54 for a cocrespooding swath of a 
perfect die. This procedure is rcpcMed for each of the swaths 
in care area 65 being inspected before the next die is 
inspected. 

FIG. 3a illustrates the scan pattern for dic-to-dic 
inspection, and fcr purposes of iUostratioiu substrate 57 is 
shown with dies 68, 70 and 66. in that order from left to 
right. In this inspection nyode, similar to that shown in FIG. 
2, a back and forth scan pattern 63 is used. However since 
the inspection mode here is die-to-dic, stage 24 is not 
advanced in the y direction until all three of the dice (as per 
this illustration) are traversed in the x direction along each 
of the swaths. 

In this nKXle of oMnparison, the data of the first pass of die 
6S is stored in memory bloclc 52 for comparison with the 
data from the first pass of die 79 as it is made. At the same 
tiskc that the conqaanson between dice 6S and 70 is being 
made, the data from die 70 is stored in memory block 52 for 
coii^>arisoo with the data from the first pass of die 66. Then 
on the second, or return, pass the order is reversed with the 
dau from the second pass of die 66 being stored for 
comparison with the data from die 70, which is then stored 
for comparison with the second pass of die 68^ This pattern 
of inspection and axiq>arison is then rq>eated as many tmaes 
as necessary to intpecc all of the care areas d substrate 57. 

Sometimes it is necessary to obtain images using a 
multq)le scan integration technique, where each pixel is 
exposed for a longer time interval. Conventional scanning 
midoscopes usually use slow scan techniques that extend 
the dwell time before the beam noovcs to an adjacent pixeL 
In this system, substrate heating and charging considerations 
make it undesirable to reduce the rate at which pixels are 
recorded. 

Sometimes it is necessary to integrate multiple scans to 
obtain images with sufficient contrast or to improve the 
image signal-to-iKHse racia The signal-to-noise ratio is 
in^voved by averaging, for each pixel, the sigiul values 
frcnri a DDomber of scans of the same position on the substrate. 
The image contrast in "low voltage mode,** wtiich will be 
described in detail in the ELECTRON OPTICS section of 
this system overview, can also be improved by scanning the 
substrate nearby between the times that the electron beam 
revisits the site of a particular pixel on the substrate. The 
contrast improvenoent in low voltage inspection of ncmcon- 
dnctrve substrates, as shall be explained in the ELECTRON 
OPTICS section, is accomplished by permitting secondary 
electrons, geacratfid when nearby regions are scanned, to 
replace electrons at the particular pixel site between times 
the beam revisits. In addition, for some tempcrature- 
sessitive substrare nkatedals, it is desirable to have a time 
imccval txtween beam scans of a pixel site in order to permit 
the beat dqx)tited by the beam to dissya t e. 

FKj. 36 is a gr^sfaical representation <tf an example at the 
•*^"*«t method employed by the present invention. The 
fignre shows how a region is scanned four times for signal 
avcrafing by ddlection of the beam to cover a scries of 
5124yy-m pixel rectangles. The center of each successive 
recUBgle is shifted by pixels along the directioB of stage 
moti on . 

FK}. 3b shows an example d the overlapping frame scan 
iffM^r^ employed in the present invention for sigBsl 
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avcrmgLng, contrast improveznent, and heat dissipatioiL In 
the example shown, each pixel is scanned four times. Each 
scan line is 512 pixels long in the Y-dircction. For overlap- 
ping frame scans, a series of m sidc-by-side lines, ntunbercd 
1 to m is scanned on the substrate. The X-dircction spacing 
between lines is set eqaai to the pixel size and the lines have 
successively larger X coordinates. 

FIG. 3c is a graphical rcprescntatioo of the nominal 
X-deflection value for the beam as a function of tinie daring 
the scan depicted in FHj. 3b, The horizontal direction is the 
time axis, the vertical direction is the X position. 

FIG. 3c shows the staircase-like output of the X deflection 
system used to deflect the beano. After m lines have been 
scanned, the scan is retraced in the X direction, as shown in 
FIG. 3c. The X velocity of the stage carrying the substrate 
under the deflection system is adjusted so that when the 
beam retraces in the X direction, the position of next scan 
line coincides with line number (m/44-1) of the first m lines. 
In the example of four rcscans for this description, the stage 
moves the substrate in the X-direction a distance of m pixel 
widths in the same time that the beam scans four successive 
512-by-m rectangles. 

FIG. 3^ is a graphical representation of the X-coordinatc 
of the beam on the substrate as a function of dme during the 
scan depicted in FIG. 3i>. The horizontal direction is the time 
axis, the vertical direction is the X position of tiie beam. 

FIG. yd shows the X-coordinate of each successive scan 
line on the substrate as a function of time. What is shown is 
that the combination of the stage moving the substrate under 
the deflection system and the deflection system moving the 
scan lines in bad: and forth in the X direction in the 
deflection field results in the beam scarming the position <rf 
each line on the substrate four times. By rcccrding image 
data in nKmory block 52 and averaging from appropriate 
memory addresses, average data can be presented to the 
defect processor 56 and to alignnaent computer 21. Although 
we have used four as an example of the number of averages 
in tbis description, the number of scans combined in practice 
and the number of lii^es-per-frame m are chosen to produce 
the best combination of noise reduction, contrast 
enbanccmenU and inspection throughput 

The y direction scan (perpendicular to stage motion) is the 
same as that used for single pass imaging. Here the scan 
advances one pixel D per exposure interval t. For single pass 
imagiJDg, using a 512 pixel wide swath, the stage velocity 
D/512t is chosen so that the suge also advances one pixel 
during each scan. During mult^iass imaging, the vanning 
beam as seen from the substrate must also advance at this 
rate c£ D/512t microos/sec in order to record square pixels. 
To record images with n pixel exposures per pais, the stage 
advances noore slowly at a rate of less than D/512nt, and a 
stepwise scan in the direction of stage nootion is i^lied, so 
as to advance the beam an additional (1-1/n) D microns 
Airin g scan time 512t After a variable number m steps, the 
X scan is retraced. Thus the scan trajectory is a 5 12x(l-l/n)m 
rectangular frame. When viewed from the substrate suif ace, 
one sees the oveilappuig frame pattern shown in FIG. 36. 
The tinke interval between multiple e:qx>sures of each image 
pixel is 5I2mL So long as m is chosen greater than n, one 
can independently vary both the number and repetition rate 
ci pixel rescans. By recording image data in memory block 
52, and averaging data frtxn appropriate addresses, the 
averaged data can be presented to the defect processor 56 as 
though it had been recorded in a single, slower pass. The 
advantage of this technique is the parameters can be adjusted 
so th** the substrate has an optimum time to reach eqaOLtv 
num between pixel exposures. 
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In more detail then, refcniiig tgain to FIG. 3a, using the 
dictcMlle mode for ilinstndoiu is the electron beam scans 
a swath of dice 68 and 70, signab 33 from the three types 
of detectors are transmitted to acquisition pre-processor 49 
where they are converted to digital signals for storage in 
memory block 52. Dau from dice 68 and 70 are slmulu- 
neously transmitted to defect processor 56 where any sig- 
nificant discrepancy between the two data streams is then 
designated as a &e^CL The accumolation of the defect data 
from the defect processor 56 is then transfeired and con- 
solidated in post^prooessor 58. Il is the post-processor that 
detccmines the size and various characteristics oi the defects 
and makes that informatioa available to system conqxiter 36 
via bus 23. 

In the dic-to-databftse in^>cction mode, system 10 oper- 
ates similarly except that memory block 52 receives data 
from only one die and the reference data for c<xxq>aiiaon in 
defect processor 56 is provided by database adaptor 54. 

After the entire substrate has been inspected, a list of 
defects, together with their locations, is displayed on com- 
puter di^lay 38, and the operator can then initiate a defect 
review via keyboard 40. In response to this command, 
system 10 locates and scans the neighborhood of each defect 
and displays the image to the operator on image display 46. 
SCANNING OFnCS 

The much greater, by a factor of almost 100 higher, 
imaging speed is achieved through the combination of some 
key elements and the special design of column 20. The first 
and foremost pcciequisite in achieving a higher imaging 
speed is a mndi higher beam current, since signal to noise 
considerationa are one of the fundamental limitations in the 
speed of scanning. In the present invention, a high bright- 
ness thermal field emission source is used to produce a very 
high angular beam intensity and a very high resultant beam 
cQircat However, a high electron density results in mutual 
coulomb rq)ulsion. To combat this, a high electric field is 
introduced in the vicinity of the cathode, and the beam 
diameter is also quickly enlarged. In the colunm there are 
also no dcctroo a-oss-ovcrs which would increase the 
chaise density in thai area and a large numerical aperture is 
employed, to again minimize coulomb repulsion problems. 

A requirement for scano\i2g the mask at a high rate such 
as 100 McgMpixeh per second, is for the detectxx to be able 
to temporally separate the secondary (return) electrons origi- 
oating from two successively scanned pixels. This implies 
the need for a very short spread in arrival time in comparison 
with the dwell time on each pixeL To minimize &e time of 
arrival spread frcnn each pixel, the electrons are acoekrated 
soon after leaving the target The resultant arrival time 
sgtemi at the detector is consequently held to aboat 1 
nanoseoond. lb further minimi7r> the arrival time spread, 
reverse biased high frequency Sbottky barrier detectors, one 
for each type of electron to be detected, are employed 
(Shottky detectors are included here for illustrative 
purposes, however, there are other types of semicoodoctor 
ddectort that could also be used). 
ELECniON OFncs 

The electron optical subsystem is functionally similar to 
a scanning electron microscope. It provides die scanned 
electron beam probe and secondary, transmission and back- 
scattered electron detection elements necessary to form 
images of the substrate sorfaoe. During inspection, the 
electron beam is scanned in one direction while the stage is 
moved in the perpendicular direction. Either low voltage 
secondary electrons, or high energy transmitted electrons or 
back-scattered electrmu are used to form a video signal that 
is digitized and stored in the form of long, narrow swath 
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images. As well as being unique in its apptkatioc for 
automated defect detectioa at hi^ resolution, the novelty d 
this optics system lies in the combination of new and pdcr 
arc technology used to obtain high speed, low noise images 
at the resolution necessary for inspectioa. 

The beam is typically scanned over a field of 5 12 pixels 
(lS-100 micrometer width) using a very fast 5 microseconds 
period sawtooth scan. The deflection is largely free ai 
distortion and is substantially perpendicular to the surface, 
so that the imaging characteristics are uniform over the scan 
held. 

Detection is highly efficient so that neatly all of die 
secondary electrons generated by each electron in the probe 
are used to fonn the image. The bandwidth of the detection 
system is comparable to die pixel rate, due to the short transit 
time effects. Extraction of secondary electrons is coaxial so 
that edge features are imaged identically regardless of their 
orientation upon the substrate. 

FIG. 4 shows the elements of the optical sut)systcm and 
some of the associated power supplies necessary for under- 
standing its function. The election gun consists of a thermal 
field emission cathode 81, an emission control electrode S3, 
and an anode 85 having an anode aperture 87. Cathode 81 
is held at a voltage of -20 KcV by power supply 89. 
Emission current, which depends upon the electric field 
strength at the surface of cathode 81, is controlled by the 
voltage on electrode 83 via bias supply 91, which is negative 
with respect to the voltage on cathode 8L Cathode 81 is 
heated by current supply 93. A magnetic condenser lens 95 
near cathode 81 is used to coUinoatc the electron beam. An 
i^)per deflection system 97 is used for aligmnent, stigmation 
and blanking. The optics arc further apcxturcd by beam 
limiting aperture 99 consisting of scvcrad holes. The beam 
190 is deflected by a pair of elcctrosutic pre-lens deflectors 
1#1 and lf3, causing the beam to rock around a point above 
the objective lens 104. Objective lens 104 consists of lower 
pole piece 106, intermediate electrode 107 and upper pole 
piece 105. In the high voltage mode of operatioD only the 
magnetic elements 105, 106 oi the objective lens are used to 
focus the probe. The beam is eventually scaimed tdecentri- 
cally over substrate 57. The approximately parallel beam is 
rcfocussed by the objective lens 104, forming a Ix xxuigni- 
fied inoage of the source that illuminates substrate 57. 

In the high volt^ secondary electron imaging mode, 
secondary electrons are extracted up through the objective 
lens 104. SUge 24, substrate 57 and lower lens pole piece 
106 are floated a few hundred volts negative by power 
supply 111 so that secondary electrons are accelerated to this 
energy before passing through deflectors 112 and 113. The 
intenncdiate electrode 107 is biased positive with respect to 
the stage via supply 115, and is used to accelerate the 
electrons as soon as tiiey leave the substrate and to aid in the 
efficient collection of secondary electrons that ^'rw\Mn^t^ from 
depressed areas on the substrate. This combination of a 
floating stage 24 and an intermediate electrode 107 virtoaUy 
ftliminatff any qpread in electron arrival tinges at secondary 
electron detector 117. As they pass bade up through the lens 
104, the retoming secondary electrons are deflected by 
deflectors 112 and 113 which act together as a WIen filter, 
and into detector 117. Here the return beam is reacoelerated 
lo higher energy by power snp;^ 119 in oonaectioo with 
anode US of detector 117 to cause the secondary electrons 
to impact the Shottky barrier solid state detector 117 at an 
energy levd that is nxfficieat for amplification. Anode 118 cf 
detector diode 117 is reverse biased by power supply 121. 
The amplified signal from detedor diode 117 Ibea passes to 
preamplifier 122 after which it is transmitted toihe video 
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acquukioD pre-proccssor 48 (sec FIG. 1) and assodated 
cicctroiiics via a high voltage inmUting fiber optic link 124. 
This signal constitutes the secondary electron compoDcnt o£ 
signal 33 in FIG. 1. 

To allow inspection of partially transparent substrates, a 
trantouuion electroo detector 129 is located below sUge 24. 
Transmitted electrons pass through substrate 57 at high 
energy and do not require reacceleratioo. The transmissioD 
electrostatic lens (consisting of upper element 123, middle 
element 124 and lower dement 127) is used to spread the 
transmitted electron beam to a diameter soiuble for detec- 
tion by solid state detector 129. Electrode 123 is held at the 
same potential as sUgc 24, while electrode 124 is held at 0 
to -3 KV by power supply 114 The signal from transmitted 
electron detector 129 is amplified by aropliiicr 133 and 
transmitted by fiber optic link 136 which is the transmitxed 
electron ccHiipooent of 33 in FIG. 1. 

The optical system is also designed to allow the cc^ection 
of back-scattered electrons which lesfve the substrate surface 
at nearly the same energy levd as primary electrons. Back- 
scattered electron detector 16# is a Shottky barrier diode 
detector similar to detector 117 that it is located to the side 
of the beam axis. Somewhat different settings of the elec- 
trostatic and magnetic Wien filter deflectors 112 and 113, 
cause this beam to be deflected to the left onto the solid state 
detector IM, where the signal is amplified by pre-an^>lifier 
142 and passed to pre-processor 4S (sec FIG. 1). 

For imaging with low voltage beams io the range o[ 
500-1500 eV, elemenu of the objective lens system arc 
biased considermbly differently, and two specific new ele- 
ments are used. Primary beam electrons are decelerated 
within the objective lens by floating the substrate 57, lower 
objective lens pole piece 106 and intenncdiate electrode 107 
at about -19 Kv means of supply 111. This technique 
allows the beam to be decderated only near the end of its 
path, avoiding abeoation and column interaction effects that 
would greatly degrade the image if the entire beam path 
were operated at lower beam energy. Under these conditions, 
the decelerating field between pole pieces 105 and 104 
creates a OHisiderable focussing effect An additional snor- 
kel lens 125 with a single active pcAc piece below the 
substrate provides most of the additional magnetic focussing 
field near the surface. The return flux of this lens passes 
throogh pole piece 104 to the outer shell of the snorkel lens. 
In addition to providing focussing, the strong magnetic field 
at the substrate assists in extracting low energy secondary 
electrons frxHn deep features, and tends to keep the second- 
aries coiltmatrd as they are reACccieratcd up the objective 
leas bore 104. 

In the low voltage imaging mode, secondary electrons 
that leanre the substrate at about 5 eV are reaccelerated to 
about 19 KeV within the objective lens. To mimmiTJt 
charging, it is desirable that these electrons pass through a 
short field free region near the surface. In the low voltage 
mode the leakage field from the objective lens would create 
an nocckrating field at the substrate surface 57 were it not 
for the voltage level on intermediate electrode 107. In the 
low voltage mode, intermediate electrode 107 is biased 
negative with respect to electrodes 104 creating a field free 
region that can be adjusted by supply 115 for optimum low 
voltage im a g in g . After reaocckration, the secoiKlary elec- 
trons pass tfarougli the Wiea filter deflectors 112 and 113 
where they are deflected to the left onto the same detector 
140 that is used for backscatter imaging in high voltage 
mode. Tims the detected signal at preampUfier 142 consti- 
tutes the most impoctant image sigiul used for inspection of 
wafers at low voltage. Detectors 117 and 129 are oot used in 
this mode for wafer inspectioo. 
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FIG. 5 shows a schematic diagram of the various electroQ 
beam paths wij^ coLumjD 20 and below sabstrate 57. 
HectroDs arc emitted radially from &eld emissioo cathode 
81 and appear to odgiDate from a very small fadght point 
soarcc. UxKlcr the ccmbined action of the accelerating field 
and condenser lens magaetic freld, the beam is collimated 
into a parallel beam. Gun anode ^>dture 87 maslcs off 
electrons emitted at unusable angles, while the remaining 
beam continues on to beam limiting aperture 99, Upper 
deflector 97 (FIG. 4) is used for stigmation and alignnient, 
ensuring that the final beam is round and that it passes 
through the center of the objective lens consisting of ele- 
ments 105, 106 and 107 (FIG. 4). Condenser lens 95 (see 
FIG. 4) is mechanically centered to the axis defined by 
cathode 81 and limiting aperture 99. The deflection follows 
the path shown, so that the scanned, focussed probe (beam 
at point of impact with the substrate) emerges from the 
objective lens 104. 

The diameter of the scanning beam 100 and its current arc 
determined by several factors. The angular emission from 
the source (1.0 Ma/steradians), and the aperture angle 
defined by final aperture 99 determine the beam current. The 
probe diameter is determined by aberrations in both lenses, 
which arc designed for faigji excitation (field width/focal 
length) to nunimize both spherical and chromatic aberration. 
Hie effect of beam interactions (Le. statistical blurring due 
to repulsion between individual beam electrons) arc also 
important in this high current system, accounting for about 
half the probe size on substrate 57. These effects are mini- 
mized by avoiding intermediate crossovers, by using a short 
beam path (40 cm.) and by using lenses with relatively large 
half angles at the source and substrate 57. To obtain a given 
spot size, the aperture diameter is chosen to balance all these 
effects while providing maximum possible current In this 
system spot size is primarily adjusted using the aperture, 
although it is possible to change lens strengths to magnify or 
fir mag nify the beam from the source. 

In High Voltage mode, Wien filter deflectors 112 and 113 
(see FIG. 4) deflect the approximately 100 eV secondary 
electron beam l€7 into detector 117 without substantially 
influencing the higber energy scanning beam 100. The Wien 
filter consists ot electrostatic octop<rfe deflector 112 and 
quadrupole magnetic deflector 113, arranged so that the 
electric and magnetic fields arc crossed (perpendicular to 
each other). Returning secondary electrons are deflected 
sideways by both fields. However, since primary scanning 
electrons 100 are travelling in the opposite direction, the 
strength of these fields may be chosen so ^t the Wien filter 
exerts no force upon the prinoary scanning beam 100 even 
though it deflects the secondary beam 167 through a large 
angle. This so called "Wien filter" is used effectively for 
coaxial extraction. The anode 118 of secondary electron 
detector 117 is shaped so that during reaccckration, beam 
1(7 is collected and rcfocussed upon the collector of solid 
state detector 117. 

The paths of detected transmitted and back-scattezed 
electrons are also shown in FIG. 5. To detect twck-scattered 
electrons in high voltage operation, and secondary electrons 
in low voltage opentioii&, the Wien filter 112 and 113 is 
excited differently, so that these electrons follow The path 
shown up the system to the bA<±-scattcr detector 160. When 
partially transparent masks are imaged, electrons can also 
pass tfaroQgh the substrate surface ^7 without losing all their 
energy. These transmitted electrons pass throogh electrode 
system 123 and 124 (FIG. 4) which acts as a kni to spread 
out the transmitted beam lOS before it hits the detector 129. 
When transmitted signals are to be obtained in the high 
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voltage mode, t hole in the Snoricel lens 125 allows them to 
pass without sabstantially influeocing the lens field neces- 
sary for low yoitage secondary imaging. 

In low voltage nkode opcrati<m, where the substrate 57 and 
electrodes lt7 arc floated at higji voltage, the objective 
lens operates quite differently even though the beam paths 
are similai: Snorkel lens 12S afyplies a magnetic held wfaidi 
extends through the substrate 57 and into pole piece l%6 
above. As the electrons decelerate in the field between 
electrodes 1*5, 106 and 1<>7, further refraction occurs result- 
ing in a relatively short effective focal length. This land of 
decelerating immersion lens has remarkably low aberra- 
tions. It differs from conventional cathode lenses used in 
emission microscopy, insofar as electrode 107 is biased 
negatively to form a short electric field free region near 
substrate 57. With this electrode, it is possible to bias the 
surface in such a way that s<xnc low cocrgy secondary 
electrons return to the substrate to neutralize charging 
effects. 

Those secondary electrons tiiat escape the field free region 
are re-accclaatcd in the region between electrodes liT? and 
105. They emerge from electrode 105 at an energy approxi- 
mately equal to the 20 KeV primary beam energy from the 
gun minus their landing energy on the substrate. In the 
objective region, the secondary pa&s are similar to the 
primary beam, but at much larger angles since secondaries 
are emitted with a broad angular distribution. This secondary 
eicctron beam is directed toward the low voltage secondary 
electron detector 160 which is the same detector used for 
backscattcr imaging at high voltage. Since the energy of &e 
returning seqoDdary beam 1#4 is comparable to the primary 
beam energy, much stronger Wien filter 112 and 113 deflec- 
tions are reqniied, bat this can be done without substantially 
influencing the primary beam path 100. 

Since the low voltage mode is frcquentiy to be used for 
the inspectioo of partially insulating surfaces, the techniques 
used to minimize charging arc an in4X>ftant aspect of the 
present invention. Charging of an insulating region occurs 
^cn the number of secondary electrons (low energy sec- 
ondaries Sc backscattcrs) does not equal the number of 
primary beam electrons incident upon the surface. For any 
swface that gives an image, this charge balance varies 
depending upon the topography and material The secondary 
electron scattering yield varies with the energy of the 
incident beam, but for most materials is greater than one in 
the range erf about 200-1500 eV and otherwise less than one. 
When the yidd is greater than one, the surface wiH charge 
positive. 

Secondary electrons ieaive the surface of substrate 57 with 
energies in the range of 0-20 eV with the most probable 
energy near 2.5 eV. If the electric field near the surface of 
substrate 57 can be controQed, in this case by the potential 
upon intermediate electrode 107, secondary electrons can be 
encouraged to leave that surface or return to it > 'cpending 
upon the appliod field and the energy that they leave with. 
For example if an approximately 10 eV retanting potential 
barrier is establisfaed, then only scsne of the secondaries 
emitted frcm a point on the surface 57 would escape to the 
detector. 

If th number of esaq)ing secondary and badcscattered 
electrons is greater than the number of primary beam 
electrons, surface 57 win charge positively which will 
increase the dze of the retarding potential bsiier created by 
electrode 107. Fewer low energy secondary electrons will 
now escape. The surface potential will nKyve positively until 
balance is reached. If the mxnbcr of escaping secondary and 
backscattered electrons is less than the numbo' of primary 
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electrons, the sofacc wiU charge negatively, which wiU 
lower the rctirding potential banicr created by electrode 
lf7. A Ur^ nunte of low energy secondary ekctrons will 
DOW escape. The surface potential wiU move negatively untfl 
balance is reached. Under these conditions, a stable surface 
potential will cmogc after some period erf time. To avoid 
creating large potential differences between areas on the 
substnuc, it is essential to properly adjust electrode 107 so 
that the equilibrium condition (primarily beam current equal 
to secondary electron current) is obtained on average. 

Since topographical and material differences affect the 
secondary electron yield, different areas on a substrate will 
tend to different cquilihrium voltages. However, in equilib- 
rium all areas produce the same number of secondary 
electrons. This means that there is no contrast for substrates 
imaged in the equilibrium state. To circumvent this problem 
the dose per pixel is kept very low and if necessary the area 
lescanned by the **muhip4e frame scan" technique described 
earlier to obtain favorable image statistics. 

By controlling the time between scan passes, the surface 
has the opp^ stunity to neutralize in-between scans, using 
electrons generated in adjacent regions. The key elements in 
this strategy arc the field controlling electrode 107 , and the 
overlapping frame scan trajectory. 

As shown in FIG. 6, to maximize gun reliability in the 
face of limited cathode lifetime, the gun structare contains 
six cathodc/controi electrode assemblies mounted upon a 
hexagonal routing tarrct 137 floating at high voltage. Each 
assembly may be routed into position above anode aperture 
87, and locked into position while making electrical oonuct 
with the appropriate power supplies, 91 and 93 (FIG. 4). 

The electrostatic deflection system, consisting of pre-lcns 
deflectors 101 and 103 (sec HG. 4), requires very homoge- 
neous fields driven by high q>eed sawtooth deflection volt- 
ages. The stnjcture is a noonolidiic ceramictoetal assembly 
etched to form 20 individual deflection pUtcs. Four drivers 
arc required for each of the two suges, to provide a scan that 
can be rotated to match the sUge 24 and substrate 57 
coordinate systems. 

Automatic tuning and set up arc provided for opcrttor 
case. Lens aiKl dcflection/stigmation elements and all high 
voltage supplies arc under DAC control, interfaced to col- 
umn control con^wier 42 (sec nG. 1). In several cases, 
routines to adjust deflection ratios and electrostatic plate 
voltages for specific functions are resident in the colunan 
control computer 42, and gun control and setup is based on 
nominal values, modified by adaptive routines using A/D 
feedback for emission current, a^wturc current, and supply 
settings. 

Beam centering is based upon other well known routines 
that ^liminat^ deflcctions when lens currents are changed. 
These operations use specific test samples imaged by a two 
axis frame scan function, and they expl<Mt image analysis 
capability that is also oeccssaiy for alignment and inspec- 
tion. Focus is maintained automatically to oMnpensatc for 
substrate height variations, while stigmation is pcrfdrmttl 
jxior to inspection. These routines are based upon analysis 
of the contrast and hatmooic coote&t of images using the 
acquisition pcc-pcoccsaor 48 and related electronics. 

In tiie present inventkm the ncnninal operating conditions 
ctf the optics for high voltage mode arc a 20 KcV beam 
energy and beam current qx)t size rdationship varying from 
300 nA at 0.05 Mm to 1000 nA at 0^ Mm. The scan period 
is5microseooiidiiisinga512pixdtcanfieklimagedat 100 
Megttaxda/sec Detector 117 current ampUfictfion in the 
diode is about lOOOx at 5 KV to 5000x A 20 KcV The 
overall system can perform over this range erf operatiBC 
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conditions for samples of more than about 14% edge con- 
trast at 100 Meg^xxels/sec using a 0.05 microinetcr spot 
The acquisition dectnxiics makes provisioo for integrating 
more than one Kan line, allowing lower contrast or high 
resolution images to be recorded at lower bandwidth. 

In low v(^tage mode, the beam energy up to electrode 1^ 
is 20 KeV and the beam energy at tiie substrate is &00 eV. 
Hie beam cucrent spot size rcUtionship is 25 na at 0.05 ^m 
and 150 na at 0.1 ^m. The scan period and field size are the 
saiDc as high vokage mode. Detector 160 amplification is 
5000x. The system can perf crai over this range of operating 
conditions for samples of more than about 20% of edge 
contrast at 100 mcgaptxels/sec using a 0.05 micrometer spot 
DEFECT PROCESSOR 

In the case of die-to-die inspection, the function of defect 
processor 56 is to compare image data derived from die 68 
with image date derived from die 7t, or, in the case of 
die-to-database inspection, to compare image data derived 
from die 64 with data derived from the database adaptor 54. 
The routines and the basic implementation of defect pro- 
cessor 56 are substantially the same as those of the defect 
processor described in U.S. Pat No. 4,644,172 (Sandland ct 
al; ^'Electrooic Control of an Automatic Wafer Inspection 
System'*, issued Feb. 17. 1987 and assigned to the san^ 
assignee as the present application) which uses three param- 
eters to determine defect locations whereas the present 
invention uses fooL 

All data for either die-to-dic or die-to-database inspection 
are received either from memory block 52 or, after align- 
ment correction, from the alignment computer 21 
(depending on how the alignment correction is 
in^lementedX and are in the form ci six btts per pixel for 
each detector type. In defect processor 56 four parameters 
are determined for each pixel for each type of detector of 
both inputs: 

a. I, the gray scale value of the pixel; 

b. G, the ougnitade of the gradient of the gray scale pixel; 
c P, the phase or direction of the gradient of the gray scale 

value; and 

d. C the curvature of the local gradient contour 
The gray scale value is merely the value in toemory block 
52 for the particular pixel The magnitude of the gradient and 
the direction of the gradient are derived from first conqxting 
the X and y Sobd operator conqxHients: 

-10 1 12 1 

S, = -2 0 2 $,»0 0 0 
-10 1 -1 -2 -1 

The magnitude of the gradient is then ((S J^-KS^)^^ and 
the direction is tan~\S^J, 
The curvature is dcfiiied as: 



where the cnfffirinit a^ is a set of parameters sdocted 
depending oo the apptication and R^^ is defined to be: 
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bnl~u ^t2l<j> ^o^-u 
frjv^u i>n/u) 

Where is the gray scale value of a pixd in the 
column and the f row of the image and a^ and bju are 
parameters derived empiricaUy. 

Typical values for the preferred embodiments are: 
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In the manner described above, quantities L G, P and C 
are determined for each pixel of both images. For any given 
pixel A of die 6a, these parameters arc then compared with 
the same paranactcrs of the ccrrcsponding pixeL B, on die 70 
and also with the parameters of the eight pixels inunediatcly 
adjacent to B. If for every pixel in the neighborhood of B at 
least one parameter differs from the same parameter of pixel 
A by a value greater than a predetermined tolerance, pixel B 
is flagged as a defect of both dice. 

In a similar manner, the parameters of every pixel of die 
70 arc compared with the parameters of pixels in the 
corresponding neighborhood of die 68 and the appropriate 
pixels arc flagged as being defective. 

The physical implementation of this algorithm is per- 
formed in pipeline log;ic, as described in U.S. Pat. No. 
4,644,172 (Sandland ct al; •'Electronic Control of an Auto- 
matic Wafer Inspection System", issued Feb. 17, 19S7 and 
assigned to the same assignee as the present appUcatioo). 
The matrix operations are implemented in Application Spe- 
cific Integrated Circuit (ASIC) devices which arc cascaded 
in a pipe line computational system capable of computing 
defect data at a rate of 100 Mcgapixels/second. 
DEFLECnON CONTROLLER 

In dic-to-die mode, the function of deflection controller 
50 is to position the electron beam 100 at equidistant grid 
points within each swath 60 of die 68 so that the outputs of 
the detectors 129, 160 and 117 can be compared with the 
ou^ts of the same detectors at the coff esponding location 
on die 70. Similatiy» in die-to-database mode the simulated 
image derived from database adaptor 54 is con^mcd with 
the detector 117 output from a die. Deflection controller 50 
accomj^ishes this by controlling the positions of stage 24 
and of electron beam 100 as shown in FIG. 7 and exfdained 
below. 

When scaiming the first die in a swath, the output of 
alignment computer 21 is set to zero, because daring the 
scanning of the first swath of the first die there cannot be a 
misalignment Therefore, during this period, deflection con- 
troller 50 receives its instruction only from cohimn com- 
puter 42. Based on these instructions and the position data 
received from the x and y interferometers 28, deflection 
controller 50 calculates the desired nkotioa of stage 24 and 
transmits canc^>ooding signals to stage servo 26 to move 
stage 24 accordingly. Deflection cootroUcT 50 simiLarty 
calculates the desired deflection of beam 100 and transfers 
this data to anak>g deflection circuit 30. As stage 24 moves, 
its positk>o is constantly monitored by x and y iflkifcrom- 
eters 28 and any discrepancies from the detired rtage 
position arc determined and used to generate an eoor ligMl 
which is fed bade to the stage servo drive 26 bf deflection 
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controUcr 50. Because of the hig^ incctia of suge 24, these 
error signals cannot correct for high frequency orors in the 
stage positioa. The high frequency eirors, in both x and y* 
arc corrected by the deflection of electron beam as 
computed by deflection cootroOcr 5# which transmits these 
signals in digital form to analog deflection circoits 3#. 

As beam IH scans die iS, gray scale values are stored in 
menaory Wock 52. As soon as electron beam !•# starts 
scanning dieTt these values are also stored in memory block 
52 and are immediately also transfccred both to defect 
processor 56 and alignment computer 21. In alignmeot 
computer 21 the two data streams, one derived from die 48 
and another from die 70, are conQ>ared for alignment If 
there is a misalignment* an alignment comction signal is 
generated and transferred to deflection coatroQa 5#. This 
alignment signal is then used as a vernier coircction to 
position beam 10# at the correct location on substrate 57. 

In die-to-database mode, deflection controller S9 func- 
tions similarly to the way it functioned in the die-to-dic 
mode, cjicept &at the output of database adaptor 54 replaces 
the input image derived from die first die in the swath. 

The deflection controller 50 also computes and defines the 
stage 24 motion, ^ed and directioti« as well as the param- 
eters OS the electron beam deflection. 
AUGNMENT COMPUTER 

The function of alignment computer 21 is lo acoepc two 
digitized images in the form of gray scale values, and 
determine, in terms of fractional pixel distances, the mis- 
aiignmcnt between these iniages. The prcfared embodiment 
of these alignment calculations is described in US. Pat, No. 
4,S05423 (Spccht et al; "Automatic Photomask: and Reticle 
Inspection Method and Apparams Including Inoproved 
Defect Detector and Alignment Sub-System", issued Feb. 
14, 19S9 and assigned to the same assignee as the present 
apfiication). In this preferred embodiment tiie alignment 
correctioo is continuously calculated tfaroughoot the entire 
care area. The calculated alignment correction may be used 
by the alignment computer to shift, or to shift and interpolate 
(for a subpixel shift) the images read from memoiy lAock 52 
and sent to the defect processor so that the images are 
CGcrectly aligned when examined by the Defect Processor 
54. Alternately, one may select a few specific features on the 
substrate 57, and calculate the misalignment only at these 
features, assuming that alignment does not change rapidly 
throughout the scanning process. In the latter case, a single 
board con^wter, such as the Force Computer, Inc. modd 
CPU 30ZBE may be used to perfoon die a l i g nmen t calcu- 
lations. These calculated shifts may be used to shift the 
posidons of subsequent data acquisitions to reduce misalign- 
ments or may be used to determine shifts between the 
images that ve sent from the memory blodc52 to the defect 
processor 56. 
ANALOG DEH-ECnON 

Analog deflection drcoit 30 generates analog ramp func- 
tions for deflector pates 101 and 1«3 (FKj. 4). The ofmdon 
this subffystem is shown in HG. 9. The digital signal 
denved firotn deflection controller 50 is converted to an 
analog voltage by slope DAC 230 the output ^cfa feeds 
nmp generator 232. The aisf^de of the ramp is variable 
through the use of DAC 234, while the offset is coBtroUcd 
by DAG 236. San^ and hold drcuits 23S and 240 «e used 
to define (he stvt and the cad of the ramp, respectively. Hlgii 
voltage, low noise drivers flien amplify the waveform to 
produce a lamp wilh a dynamic range of ±1&0 V which b 
^)pUed to deflector plates 101 and 103. 
MEMORY BLOCK 

The Memory Block 52 consists of three identical 
modules, with each one corresponding to a different one of 
each type of detectors 117. 129 and 160. 
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Refening to FIG. coDccpCiudly, each module of 
XMOMcy blodc 52 consirts of two FIFOs (First Id— First 
Oat) mcmoncs, Tbe first FIFO stores tbe gray scale values 
oofTcspoDding to each detector of an entire swath derived 
fnxn die 68, wfaiic the second FIFO is mncfa shorter and 
stores the gray values, again far each detector, cocre^nd- 
ing to only a few scans of die The outputs from these two 
FIFOs are then transmitted to defect processor 56 and 
alignment computer 21. Each FIFO fanctioos at a rate of 100 
Mhz and stores each pixel* s gray scale value with a predsioD 
of 8 bits per detector. 

The memc«-y accepts in its input register 302. 8 bytes in 
parallel from acqoisitioD pre-processor 4ft for each type of 
detectDC Input register 3i2, acting like a shift register, shifts 
the eight bytes to the right and then accepts another eight 
bytes, until socfa time that the eight sections of the input 
register a fulL At that time all 64 bytes arc clocked into 
memory 303. 

One way to implement this is with DRAMs 303. Ordi- 
narily 12S megabytes would be used in a system. 
ACQinSmON PRE-PROCESSOR 

Acquisition pre-processor 48 converts tbe analog signal 
from each detected 117, 160 and 129 and digitizes these to 
an eight bit value at a rate of 100 Mhz, then reformats the 
output signal for storage in memory block 52. 

Acquisition pre-processor 48 consists of three identical 
modules, one of which is sh^Nwn in FIG. 11. Each module 
accepts an output from its cx -sponding detector and digi- 
tizes that output to an accuracy of 8 bits and then places it 
into multiple scan integrator 11. The purpose of multiple 
scan integrator U is to average the gray scale values from 
the same pixel for the reduction of noise. Under certain 
circumstances tbe pixel may be rescanned, Le. resampled 
several times aod the resultant value is the average of die 
values for that pjxcL This value is then transfeired to shift 
register 13 which accepts eight bytes in series before trans- 
ferring them in paralld to memory block 52. 
rNTERFEROMBTERS 

The X and y positions of stage 24 are monitored by x and 
y interferometers 28, such as Tclctrac TIPS V. The positions 
are defined to 28-bit predsioQ where the least significant bit 
oorrespoods to approximately 2.5 nanometers. 
SYSTEM COMPUTER 

Overall control of system 10 is provided by a system 
computer 36 which, imong its other housekeeping tasks, 
ensures that various step sequences are performed in an 
orderly nuumcr. Each event in the sequence is acconq)lished 
at the prograimned time, with a number of nonoonflicting 
sequences performed simultaneously to maximize through- 
put of computer 36. 

The routines pref crmed by computer 36 are designed such 
that user interaction with the system is either through 
keyboard 40 with an associated mouse or trackball pointing 
device, or by data OMmnnnication with a renooce cocqjutcr. 
For local intcxaction, computer display 38 di^lays graphics 
and text from system computer 36. 

The system cosofKOa 36 routines are organized into four 
oommunicadiig ^tasks". These are: 

1. A Ma^erl^sk throufijti which passes all communication 
with column control axapata 42, post processor 58, 
and mask handler 34. This task also maintains files on 
the system oonqxiter that record machine operating 
parameten such as lens settings, vacnom pfcasores, and 
beam cucrcnta. 

2. A User Interface Task that manages displays on oocD- 
pacer display 38 and that handles kE:^x>ard 4^ and 
mouse input This task Te^x>nds to user keyboard 49 
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and iXKWse input by ixKxIifyiBg data tiles and by sending 
messages to other pans of the syston to initiale actions. 

3. An Inq>ect Task that sends descripti<xi5 of inuge 
acquisition swaths to coliimn coniroi computer 42 (via 
the Master Task). 

4. A Command Language Intexpreter Task that can accept 
command inputs from keyboard 4#. This task also 
manages ttnkcrs that enal^e the automatic scheduling of 
repetitive operations. In addition, this task creates and 
updates a text logfile describing all nuchine operations 
and the time they occurred. Normally this task is only 
used for machine control by service engineers. 

An example of a system computer is a Sun Microsystems 
SPARC processor that runs under a UNIX operating system. 
(UNDC is a registered trademark of AT&T.) 
COLUMN CONTROL COMPUTER 

C<^umn control con^xitcr 42 consists of the autofocus 
con^)uter, vacuum control computer and deflection instruc- 
tion computer. The functions and imptemeatation of the 
autofocus ootnputer is covered under the headings Autofo- 
cus System and the Vacuum System is described under the 
heading of Vactrom System. 

Column coDtrol computer 42 receives its instructions 
from system cocoputer 36. 

The column computer 42 is implemented in a 68030- 
based single board computer, such as the CPU SOZBEmade 
by Force Coapatay Inc. 
POST PROCESSOR 

Post processor 58 receives from defect processor 56, a 
map that identifies every defective pixel for each type of 
detector. The post processor 58 concatenates these maps to 
determine the size and location of each defect aiKl classifies 
these by defect type. These data arc then nuule available to 
system ccHnpoter 36. Physically, post processor 58 can be 
impkmented as a 68030 single board computer, such as 
model CPU 30ZBE made by Force Computer* Inc. 
VIDEO FRAME BUFFER 

\^deo tctnM^ bufifer 44 is a commercially available video 
frame memory with a storage capacity o( 480x5 12 pixels, at 
12 biu per pixel A suitable frame buffer is the Image 
Technology, Inc. model FGIOOV. The video frame buffer 
refreshes image display 46 30 times a second. 
IMAGE DISPLAY 

Image display 46 is a commercially available color 
monitcff, such as the SONY model PVM 1342Q. False color 
techmques are onployed to aid the evaluation of the image 
by the operator Such techniques assign different colors to 
the different gray shade values of a noonochromatic image. 
DATABASE ADAPTOR 

DaUbaJc adaptor 54 is an image simnlator that produces 
gray scale values corresponding to each pixel on the basis of 
conopoter aided design data used for the ™fc^"g of the 
pattern in the dk. lypically, the input to the database adaptor 
is a digital magnetic tape in a foanat used for the generation 
of the pattcra for the integrated circuit These digital data art 
then converted to a stream of pixel data organized in swaths, 
in the same foanat u die output of acquisition pre-processor 
48. Soch a database adulter was previously disclosed in U^. 
Pal No. 4,926,489 (I^eison et al; *lleticle Inspection 
System", issued May 15, 1990 and assigned to the same 
assignee as the present application). 
SUBSTRATE HANDLER 

The function of substrate handler 34 is to automatically 
extract lubttraae 57 from the cassette and i^ace it in the 
substrate holder in the proper orientation. ^ is a robotics 
device that is similar to wafer handlers in cormxKxi use for 
transporting and manipulating wafers in the setnicoodoctor 
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industry. The first function of the handler is to dctexmine the 
cricnlatioD <rf the flat 59 of HGS, 2 and 3<3. Handler 34 
senses the flat optically with a linear CCD sensor oriented 
radially with respect to the rotational center of the substrate. 
As the substrate routes, the output of the image sensor is 
converted to digital form and is then stored in a single board 
computer, such as the Force Computer, Inc. CPU 30ZBE. 
The computer dctmnines the location erf flat 59. The sub- 
strate is then rotated into the proper orientation and auto- 
matically placed into a substrate holder. The holder, now 
containing the substrate, is loaded into load clcvatcr 210 of 
FIG. 8. All operations of the handler arc executed under the 
control of system computer 36. 
STAGE 

The function of stage 24 is to move sulwtratc 57 under 
electron beam and under optical alignment system 22. 
In order to minimize the complexity of the system, stage 24 
has been selected to only have two degrees of freedom: x 
and y; it can neither rotate nor move in Ae direction 
perpendicular to the x-y 0anc of substrate 57. In other 
words, the stage can on^ be translated in x, y or diagonal 
directions. Instead, rotation of the E-Bcam raster is accom- 
plished electronically, by resolving any scan into the two 
com^XMients of the electrostatic deflection of the beam and 
also moving ttie stage with the mechanical servos in a 
similar marmcr. Z-axis motion is not required because the 
objective lens has sufficient range in its variable focus to 
compensate for any height variations in substrate. 

The stage 24 is a precision device with closely controlled 
straightness, orthogonality and repeatability. Crossed roller 
bearings arc employed. The stage is vacuum con^atiblc and 
nonmagnetic, so as not to interfere with electron beam 100. 
It has an open frame, so that transmission electron beam 108 
can reach detector 129 below it. The open firamc is also used 
to place substrate 57 on it from below in the loading process. 

Three-phase broshlcss linear motors (not shown), two per 
axis, have been selected to drive stage 24 for best overall 
system performance. Suitoblc linear motors arc the Anoline 
models LI and L2 made by Anorad, Inc. 
VACUXJM SYSTEM 

The entire vacuum system is unda the control of column 
control coTDfAJta 42. Conventional pressure sensors (not 
shown) within various parts of the system measure the 
pressure and report this to column control computer 42. This 
computer then sequences various valves, as necessary, on 
start-up or during the loading or unloading of a substrate. 
The latter routine is explained in naorc detail under the 
heading of Load Operation. Should the vacuum be inad- 
equate for the electron beam operation, the high voltage is 
automatically cut off to protect source 81 from damage. This 
done with pressure sensors in combination with computers 
42 and 36. Simultaneously, pneumadc isolation valve 145 
(FIGS. 6 and 8) is also actuated to protect the ultrahigh 
vactram region 140 of the column fixxn contamination. The 
operation of the vacuum system is explained in detail below. 

The vacuum system of the gun is a two stage differentially 
pumped system designed to be pro-baked and otherwise to 
be maintained indefinitely without servicing. Ultra High 
Vacuum, (i?)proximalely ICT* Totr) region 140 is pumped 
by ion pumps 13f and isolated by gun anode apeitare 87. 
Intcnnediate (approximately KT* Ton) vacuum regioo 141 
is also ion pu]i^)ed, by pump 14^, and is sepanlcd from 
main system vacuom regioD 143 by pneumatic gun isolation 
valve 145 and by aperture assembly 99. Together these 
vacuum denoeots provide an CBvironmcnt suitable for field 
emission in a production environmeoL 

The vacuum in lower column region 143 is maintained by 
turbopun^ 204 just as the vacuum in inspection chamber 
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2M is provided by turbopump 208. Inspecdoa cfaimbcr 2*6 
is sqMrated from lowcf cohinm region 143 by t pUte which 
tus a small bole tfaroagh wfaicfa the electroQ beam can pass. 
This separatiOD of vacuum regioas 2$6 and 143 pennils high 
vacuum to be maiJitaiiied even when the substrate to be 
inspected is coated with a photoresist material which typi- 
cally has a significant vapor pressure. 

The vacuum system has two air locks, 224 and 226, one 
to load a substrate 57 into inspection chamba 2M and one 
to unload the substrate after inspection. Each chamber is 
connected to the vacuum pumps via two valves, 212 and 
214, in a parallel configuration. Valve 212 is for slow 
pumping of the lock chamber 224 while vaWe 214 hat a 
large orifice and is aUe to handle a Luge volume. A similar 
arrangement, also shown using valves 212 and 214, is 
provided for chamber 226. The purpose this dual arrange- 
ment is to preclude particles being sdircd up in the evacu- 
ation process and yet minimize the time required for evacu- 
ation and rqvessoiization of the chambers. 

As will be explained in more detail below, initially, after 
the substrate has been placed in load lock 224, only the slow 
valve 212 is opened, thereby ensuring that the flow rate in 
the chamber is sufficiently slow so as not to stir up particles 
in the lock area 224. Once the pressure in the chamber has 
been reduced to a level that the air flow is in the free 
molecular flow region, a region where particles are do longer 
^ed up, the large valve 214 is opened in ord^ to n^dly 
evacuate the renuuning air in the lock. A similar two-step 
operation is used in the reprcssurization process, where 
^ valves 228 and 230 provide fast and slow venting for each 
chamber 224 and 226. 
LOAD OPERXnON 

As previously described, substrate 57 is mated with an 
adaptor in mask handler 34 and is placed into load elevatar 
210. Load lock 224 is, at this time, at atmospheric pressure. 
Valve 212, a valve that permits only slow evacuation of the 
load lock 224, opens. When lock 224 has reached a pressure 
where the flow becomes nK^ecular, valve 214, a high 
capacity valve, is opened and the remainder of the air is 
pumped out Now gate valve 216 is opened and elevator 210 
pushes substrate 57 and holder through valve 216, into 
inspection chamber 206 and places it on stage 24. After 
substrate 57 has been inspected, the reverse process takes 
place and substrate 57 is replaced in a cassette used to store 
substrates. 

Alternately, a cassette <^ substrates could be loaded into 
the cfaanober in a similar way, each of the collection of 
substrates inq^ected and then the entire cassette of substrates 
removed and r^lacod wi& the next cassette of substrates. 

Puclher stilL the double lock arrangement of the preseat 
invention makes it possible to be inspecting one substrate in 
one chamber while simultaneously a second substrate is 
dtbcr being inserted and pressurized, or depressurized and 
removed, using the sccoad chamber. 
AUTC«X:US SYCTEM 

Electron beam 100 is focused by vaiying the current in the 
system^s objective lens 104 (FIG. 4). Due to the fact that 
substrates ut not always fiat, and because the sucfux of 
stage 24 may not be pofectly perpendicular to the axis of 
column 20, the opdmum focus conent varies over the care 
area. Because this variation is slow as a functiott of diataiyir 
in the X and y directions, it is feasible to determine the 
optimom focus curreot at a few designated points, and for 
any points in between these one may intenpolate the desired 
focus cuoent 

As part of the set-up and initialization of the inspection 
proceu, the system measures the optimum focus cmeot at 
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designated points. This focos calibration process consists of 
positiooing the beam at the designated point and then 
measuring the gray scale value along a straight line perpen- 
dicular to an edge of a feature on substrate 57. The digitized 
gray scale values arc them convolved with a hi^ pass filter 
(not shown) for 10 diffding values of focus current, for 
cxan^c. The best focus is then the current cocresponding to 
the highest output from the high pass filter. In the preferred 
embodiment a second derivative filter is used with the 
following convolution coefficients as follows in this 
example: 

-40008000-4 

For best results the output of the high pass filter should be 
smoothed. 

The focus computer is part of column control computer 
42. The focus computatioo is carried out in special puxpose 
hardware consisting of a convolver integrated circuit and 
some DSP clanents. 
OPTICAL AUGNMENT SYCTEM 

Optical ali gnme nt system 22 is used by the operator to 
visually perform coarse alignment of the die after it enters 
the inspection chamber. The subsystem consists of i window 
into the vacuum chamber and lenses to project image 
patterns on a CCD camera for display on display 46. The 
operator can chose one of two lenses, (in the present 
invention these were empirically determined) one with a 
magnification of 0.46 and the other one with a magnification 
of 5.8 for the viewing of the pattern. In order to preclude toe 
coating of optical surfaces with contamination from the 
substrate, all lenses are located outside the vacuum. 
SEM PLASMA CLEANER 

In the course of opcratioa of the electron beam apparatus 
of the present invention, organic materials are deposited on 
various dcflectioD and beam forming electrodes by proxim- 
ity interaction (near surface charging of psrtides), and 
volatilization of target material then drawn to high tension 
regions. The resulting dielectric accumulations over time 
will, through surface charging, adversely affect beam steer- 
ing and forming mechanisms. Necessary periodic removal 
of these matcxials is accomplished through employment d 
an oxidizing plasnui formed in cdose proximity to those areas 
of accumulation. 

To perform that function, oxygen is used as the primary 
gAS for the formation of a cleaning plasma. Referring to FIG. 
8, oxygen supply 199 is introduced into the upper or lower 
portion of the chancers, 141 and 143, re^)cctivdy, via valve 
193 and regulated using a mass flow controller 195 to 
produce a controlled pressure sensed by capacitance 
manonncter 197. Oxygen pressure is adjusted to optimize 
coupling of RF energy and localize the plasma excitation to 
each sequentially selected electrode, or other electrodes 
needed to dean other regions of the operating ^>ace, all 
having differing mean free paths for ionizatioiL. Oxidation d 
only the organics takes place by tightly contrtrfliAg the 
spatial plasnui density in discfaaige regions to a level ^st 
below the sputtering poleatial of the electrode smf aces. This 
is accon4>lished by suppression of electrode self biasiag at 
fai^ frequencies and precise RF power Icvciing, a^Vor 
voltage limiting. 

Referring now to FIG. IZ for electrodes reqakiBg depo- 
sitiott removal or any other areas and or elemcats, all sonnal 
electrode path connectms arc switched tfartxigh relays 191 
to aradio frequency cco^wtible nmltiplcx relay 179 in order 
to direct RF energy scqneatially to each. A generator of high 
frequency RF power 173 is enat^ and then output leveled 
by power detector 175 and output voltage detector 178. 
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Using an latomJitic match network 177 (sucfa as an 
Antomatcfa, regiitered tradcnutrt of RF PUsma Frodacts, 
Oictry Hill NJ.), Icvdcd RF oatpui power is then trans- 
focmed to appropnate voltage, current, and phase relation 
such as to provide both sufficient avalanche potential to 
initiate a pUsma disduvge as well as perfooning conjugate 
matching of the sustained discharge load. 

As shown in FIG. 12 is substrate coating system 172 for 
applying a conductive coating to the top surface of the 
substrate to be inflected using the present invention. Any of 
several well know conductive coating application system 
can be used including, but not limited to, one that utilizes 
evaporative or sputtering techniques. 

Similariy the pUsma may also dean any other surfaces or 
electrodes, such as 171. 
INSPECTION OF PHASE SfflFT MASKS 

FIG. 13 illttstratcs the cross sectioo of a typical phase shift 
mask 5H having an optically transmissivc quartz substrate 
504 and an opaque patterned chromium layer (typically 0.1 
^m thick), shown here as pads 506, 50ft and 510, dq>osited 
onto the top surface of substrate 504. An optical phase shift, 
that is desired in the production of a semiconductor wafer 
using a mask such as phase shift mask 500, is produced by 
an appropciateiy sized well or trench 502 (typically «>25 ^m 
in d^>th) that is etched into quartz substrate 504 at the 
desired location. 

Phase shift masks, such as mask 500, have always been 
inspected optically, however, optically techniques arc ever 
more difficult to use as the desired semiconductor surface 
pattern sizes to be produced by such masks become ever 
smaller. The present invention uses an electron beam tech- 
nique that dOfikoyt the resultant backscatter and secondary 
electrons to inspect a phase shift mask of any oi several 
variations to determine the surface features of that mask. 

To prepare phase shift mask 500 of FIG. 13 for in q>ection 
using an electron beam, a thin electrically conductive layer 
512 of nG^tal (e.g., aluminum or gold) or c^ an electrically 
conducting polymer (e.g. TQV501 manufactured by Nagase 
Ltd.), is placed oo all exposed top surfaces d mask 500 and 
I the structires thereon and therein (with a film coating 
system of any of a variety of types, iitcluding, but not limited 
to an evqxntive coating system or a ^xitteiing system), 
including wells, by evaporation^ cr a similar process. Con- 
ductive layer 512 is then electrically 9t)uiKled (501) to 
provide an electrical return path for the electrons that are not 
backscattcred or produced secondarily, thus minimizing the 
possibility that an area of the 'ibstrate that is under inspec- 
tion will acquire an electrical charge. 

Phase shift mask 500 may contain surface defects that can 
take vaiioai forms, such as extra cfarormum oo, or unwanted 
etchings into, the quartz, or posts of quartz within a well or 
exteiKling above surface 544 a£ the quartz substrate 500. In 
FIG. 13 a defect in the form of an unwanted etching 514 
which is iUuftnted here as a narrow well adjacent chromium 
pad 50S. However, an unwanted etching may occur any- 
where in the surface of quartz substrate 540, including 
beneath a d u o mium pad. 

Referring now to FIG. 14, there is illustiated one aspect 
of the preseat invention wherein the esqKJSure of diflfereot 
surface locatioos a simplified phase shift mask 500 and 
the measorcment of the restittant backscatter and secondary 
electrons from that point cnaUe the user to determine the 
type of material beneath conductive layer 512 at the location 
being struck by an electron beam. In FIG. 14, for simplicity 
of illtistration of this aspect of the present invention, sub- 
strate 500 it shown being subjected to electron beams 100 
and lOr at points 5U and 51^, respectively, with oaJy one 
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electron beam being used at any instant in time. To further 
clarify this pointy the cicctroo beam system of the present 
invention has a single cdiimn and tfaos only one electron 
beam. The inclusion of two beams in this figure is to 
illQstrate an electron beam being applied substantially per- 
pendicular to two different locations on tiie surface of the 
substrate at points 516 and 516* at two different points in 
time. 

Electron beam 100, or IW. typically has a high energy 
(nominally 20 KV) that penetrates conductive layer 51Z as 
well as* into each chromium layer 510 and quartz sub- 
strate 504. what ever is beneath the point of impact of the 
electron beam at that point in time. Since chromium has a 
higher atomic weight than does quartz, electron beam 100' 
does not penetrate as deeply into chromium layer 510 and 
quartz substrate 504 as electron beam 100 penetrates into 
quartz substrate 504 alone, given that the strength of electron 
beams 100 and 100* arc equal This is representatively 
illustrated in FIG. 14 by the two different sized teardrop 
scatter envelopes 524 and 526 at points 516' and 516, 
respectively, which illustrates the theoretical penetration of 
the electron beam at each location. At botfi points, the 
collision of electrons from electron beam 100, or 100'. with 
thin conductive layer 512 produces secondary electrons 52S, 
conmionly referred to as SE I electrons As electron beam 
100', or 100 penetrates into either chromium layer 510 or 
quartz layer 504, respectively, a portion of the colliding 
electron beam is scattered and produces backscattcr elec- 
trons 53* or 536. respectively. When backscattcr electrons 
536 or 538 leave conductive layer 512, they also produce 
secondary electrons, 540 and 542. respectively, that are 
conmK>nly referred to as SE II electrons. 

Referring now to FIG. 5 where an dectron beam column 
is illustrated, as discussed atx>ve, secondary electron detec- 
tor 117 generates an electrical signal for each secondary 
electron delected, while baclcscaitcr detector 160 similarly 
generates an electrical signal when a backscatter electron is 
detected. 

To illustrate the effect of bombarding an optical phase 
shift mask 500 with a high energy electron beam 100, FIG. 
15 combines the cross-sectioned mask 500 of FIG. 13 at the 
top with the corresponding secondary and backscattcr elec- 
tron waveforms 545 and 546, respectively, produced by 
bombardment as electron beam 100 traverses across the 
surface of mask 500. Further, in FIG. 15 secondary and 
backscattcr electron wavefonns 545 and 546 are each illus- 
trated in registration with the cross-section of specimen 500 
to illustrate the cocrespondence between those signals and 
the physical characteristics and surface features of mask 500 
as beam 100 scans across the surface of specimen 500. The 
two signals illustrated are typical of the signals generated by 
secondary electron detector 117 and backscatter electron 
detector 160 of FIG. 5, as electron beam 100 scans the 
surface of specimen 500. 

Examining secondary election waveform 545, several 
features ot tibe wavefonn correspond to the physical char- 
acteristics of mask 500. In this illustration there are four 
resulting secondary signal levels: a first signal level that 
ccnespoods with diose portions of mask 500 that are flat and 
do not have a chromium structure (544); a second signal 
level that has a greater magnitude than the first signal levd 
and that coiresponds with those portions <^ mask 500 that 
have a cfaroouum structure on substrate 504 (506, 50S and 
512); a third signal level that has a lower magnitude than the 
first signal level and that oocresponds with the widest well 
502; and a fourth signal level that has a signal level that has 
a lower magnitude than the third signal level and that 
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couespoiuls to narrow well 514 (the defect in this cx*inpic). 
Other physical vanaticHis in mask 500 which are not illiu^ 
trated here ooukl produce ocher signal level vahadona, e.g. 
vahOQS thickness of the chr<xniuin pads, different widths or 
depths of wells, quaitz poets oo the top suiface or extending 
upward within the open space of a well, etc Other features 
of secondary electron wavcfonn 545 that arc of interest are 
the shaip signal peaks 550 and 552 at points within the 
waveform that correspond to transition poinU in the surf »cc 
height of mask 500. The most dramatic of these occur at the 
edges of wells 502 and 514. The larger peaks in the 
sccondaiy electron waveform result from the production of 
additiooal secondary electrons that are emitted from the 
vertical walls of etched wells 502 and 514. Similariyt the 
smaller signal peaks 552 result from the production of 
secondary electrons from the vertical side walls of the 
patterned chromium pads 504, 508 and 510. 

A similar examination of backscatter election waveform 
546 also reveals four backscatter signal levels: a first signal 
level that corresponds with those portions of mask 500 that 
are flat aiid do not have a chromium structure (544); a 
second signal level that is higher than the first signal level 
and that oorrespoods with those portions of mask 500 that 
have a chromium structure on substrate 504 (506, 508 and 
510); a third signal level that is lower than the first signal 
level and that corresponds with the widest well 502; and a 
fouth signal level that is lower than the third signal level 
and that corresponds to narrow well 514 (the defect in this 
example) with the signal level variations generally being 
greater In the backscatter waveform. Further, as with the 
secondary clcctr<Mi waveform, othrr physical variations in 
mask 500 will produce other signal level variations, eg. 
various thickness <rf the chr(Hmum pads, different widths oc 
depths of wells, quartz posts oo the surface and in welU, etc 
Additionally, the backscatter electron waveform e:q>edeace3 
signal peaking only at the points that correspond to the noaak 
surface transition points to weUs. Those transition points to 
wells coircspond to the edges of wells 502 and 514 produc- 
ing a peak that is much smaller than the peaks in the 
secoiKlary electron waveform that correspond to the same 
points on mask 500. Additionally, there are no noticeable 
peaks at the transitions between the diroouum pads (506, 
508 and 510) and the plain quartz surface (544). 

By comparing each of the secondary and backscatter 
waveforms, the location, size and shape of any wells caa be 
positively identified. Since the number of backscatter elec- 
trons escaping a well is a function of the dq3th and width of 
the well, a nocasurc of the depth and wid^ of a well caa be 
dctcnnined from backscatter electron waveform $46. In 
order to do so aocuratety, a calibration can be made of the 
backscatter electron waveform against weU deptii by using 
a sample of the substrate of interest with known trench 
depths and widths. Alternately, the san>e result could be 
derived by calculating the number of backscatter dectroos 
that can escape from a well of a given depth and width by 
assuming that the electron emission is lambertian. 

Similarly, since secondary electron waveform 545 
includes dramatic signal peaks at all points that cocrespood 
with surface transitional edges and backscatter election 
waveform 546 only cxpcnences peaking at points that 
/«re$pcad to the edges at wells, the backscatter electron 
waveform can first be examined to identify those points 
where the signal experiences peaking and thus identify 
which of the peaks in secondary electron waveform 545 
coirespocid to edges of a well, and then those peaks of 
secondary electron waveform 545 can be used to positiveiy 
locate the edges of a well of mask 500. 
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Father, note the v«Ution in rigwl levels in 
de**oo wtvcfocm 545 b«w«n the tot rign.1 tevel ^ 
oarcsponds to the nomuwl flat region 544 of nask SH ind 
the Srd signal level thit cooesponds to wdl 5W witti the 
first jignil level being gretfei th«i the third ^V^^ 
evenXigh the notoiil of m«k 5*0 is the « ^o* 
^oos. The difference th«fo«. is obviooslyttK re«U of 
a ananet percentage of secondary electrons bemg aW. to 
escape from the weU than arc generated from the flat surface. 
iWsccondary electron signal emission from Ae wdl ajn 
&US aUo be caUbrated, to provide a measure of weU depto, 
and this infonnatioo used, together with the backsc^ 
electron wavefonn signal level in those 

in a weighted average to determine the depth of wdls 
roaskSM. 

AS noted above, flat surfaces of chromium stnirtures on 
mask 5W have higher backscattei and secondary cletfron 
sigaal levds than those emitted by similar quartz regions 
Ttorcsults from chromium having a higher atomK weight 
than quartz, thus, the dnomium surfaces generate more 
backscattcr electrons at the surface, which in tnm. gentxates 
racK SE n electrons than arc produced at similar quartz 

"IStionally, both the secondary and badcscatter elertron 
waveforms 545 and 54« eadi exhibit, in the regions of ttic 
^ weUs, an upp«w«dly auved bow *h.pe m th^ 
portion of the waveform (e.g. 548). That charactmsDc 
S«e waveforms can also be utilized to distrngmsh e^ed 
wdls ftom flat surface areas of the substrate, such as surface 
544 

nius, to detect dcfecu, it is only necessary to p«rfonn a 
region by region examination and comparison of the pa- 
tio^ of e«± of the secondary and backscatter ekctton 
waveforms, based on thephysicai charade 
the substrate of interest, whid. is then compared with nmilar 
resutts obtained fiom a conesponding region of the same, or 
anoth«. mask of the same design. Altanahvdy. toe 
region by region results obtained from the secondary and 
b^tta waveforms from an actual «^ ?V*^*^ 
above, could be compared with lesuhs dcnved from made 
dau in a dm base (e-g. CADS) from which the mask of 
inteiest was fabricated. This process can nwst ««ily be 
fadlitate by first digitizing the secondary and b»d»cana 
dectron wavrfoms 545 and 546. respectfully and then 
performing the varkm functions digitally similar to the 
process that was described earUer. if 
Further, after the inspection process is coitpletol, a 
conductive layer 512 is not transparent to the ''•J^^^"?* °* 
Sht, or oth« signal, to be utilized when mask 5W is m the 
iSendcd appiication (c.g. printing of the wafer). Uy« 5U 
nuist be removed. To do so, for example, a «PP« 
almmnom Uyex may be removed from quartt vnlh a KOH 
sohriion of apFTOOdmatdy 034 normal; gold can berenwvcd 
with KI-+I, diluted at 300:1 with water; and polymffs can be 

dissolved with typical organic solvents whidi do not attacic 
the quartz substrate material. 

ToolJtain the best signal to noise ratio in the secondary 
and backscatter dedron waveforms from the BiUt ot 
"«S.^^««gy level of aeciron beam !•• can bevmed 
"SZc^^r^t, are obtained. As -"-^^ 
above, the depth <rf teardrop scatter cnvdope 524 (soFKj^ 

cbr^ layer 51» approximate, the 
thi dromium Uycr 51». Also, from a comparison ofthe 
rignal levels of the secondary and backscatter dectron 
wavrforms (see FK. 15) from a dironrium Uyer versus the 
a„«tz sub^ done, it can be seen that the a«ual vmanon 
iiirignal leveU within the backscattcr dectron wavrform is 
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mncii greattx than the varution in signal levels in the 
secondary eicctron wavcfonn. It may alio be (i . sirablc to 
dctcnninc the beat energy level to use for the electron beam 
during the imtial set up of the uL^)cctioo parameters since in 
many instances the cjtact charactaistics of phase shift mask 
5fO may noc be known a priori. Similariy, diflfercnt energy 
levels for the electron beam may f adhlatc the maximization 
of the accuracy of depth measurements of wells as compared 
to detcrminatioa of the exact location and extent of the 
patterned chromiimi fields on the substrate. 

To improve the cfBcicncy of capturing the backscattcr 
electrons, one may cnoploy a variety of detectors, such as 
scmiconducicr detectors, scintiUatcr-photomultipUer com- 
binations and miCTOchanncl plates where the axis of ttie 
annulus of the path of detector coincides with the path of the 
primary beam. These types of detector arc discussed m 
pages 181-182 and 189-190 of a book by Ludwig Rdmcr. 
"Scanning Electroa Microscopy", Springer- Vcrlag, Berlin, 
Heidelberg, New YOTk, Tokyo, 1985. 

FIG. 16 is a simplified objective lens portion of the 
clectroo beam column of FIG. 4 to illusnaie one placement 
of an annular backscattcr detector 56# within the column to 
captiffe the backscattcr electrons of interest from mask 50# 
for the present invention. As discussed above in relation to 
FIG. 4, here in FIG. 16 arc lower pole piece 1*6 and 
intermediate electrode 107 with the backscattcr clectroos 
received by annular backscattcr detector 560 passing 
through the central annular openings in lower pole piece 106 
and electrode 107. 

FIGS. 17 and 18 each illustrate other construction features 
that arc also found on some phase shift masks. At the top of 
FiG. 17, a cross-section of mask 50f is shown having a 
quartz substrate 504' and a pair of chromium pads 562 
overhanging a weU 50Z fr<xn opposite sides, or chromimn 
pads 562 can be said to be under-cut by wcU 502'. 
AdditionaUy. given mask 504' the expected secondary and 
backscattcr electron waveforms 545* and 546*, respectfully, 
are shown below and aligned with fte cross-sectioned maik 
to illustrate the correspondence between the various portions 
of the waveforms and the features of the mask. 

As expected, the sh^ of the backscattcr and secondary 
electron waveforms for each of the surfaces and the main 
part of well 502* arc as shown previously in FIG. 15. The 
difference here is the negative going pulse 566 and 568 in 
the secondly and backscattcr electron waveforms 545* and 
546*, respectfully, in the region of the under-cuts. This small 
negative pulse at that point in each of the waveforms results 
from a portioo of the elcctioi beam (not shown) penetrating 
chromium pads 562 and entering wcU 502* and a lesser 
numb<r of both backscattcr and secondary electrons being 
produced as oon^iared to the combination of the chromium 
pad on the quartz substrate. Thus, using the comparison 
technique discussed above, this additional waveform feature 
can be used to further identify and distinguish masks that 
have under-cut chrcMne pads extending over a well. 

Similarly, K toe top of HG. 18, a cross-section of mask 
500" is shown having a quartz substrate 504" and on the top 
surface there are a pair of quartz pads 570 to provide 
additional phase shifting naatcriaL As before, the expected 
s . oedary and backscatter electron waveforms 545" and 
546", respectfully, for mask 500" are shown below and 
aligx^ with the crow-sectioned mask to iUnstrate the cor- 
respondeaoe between the various portions of the waveforms 
and the features of the mask. 

The sh^)e of the backscattcr and secondary electron 
waveforms 545" and 546", respectfully, for each of the 
surfaces in this configuration of mask 500" show several 
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interesting distinguishing pulse shapes. Ovcrali, as might be 
expected, there are more backscatter and secondary elec- 
trons produced in the region of quartz pads 570 than in the 
other regions which are represented by surface 544. This 
basic feature is the result of the additional thickness of iht 
quartz in those regioos. Another feature that is shown in each 
oi the secondary and baclcscattcr electron waveforms, is that 
the signal level for those regions cocicsponding to surfaces 
544 slowly decrease as the region of each of quartz pads 570 
is approached from cither direction. Similarly, the inverse 
effect is noted for &e region of secondary electron waveform 
545" that corresponds to the top of quartz pads 570, namely, 
the secondary electron waveform is greatest at those points 
that correspond to the outer edges of quartz pad 570 and 
slowly decrease toward the center of diose regions in either 
direction. Backscattcr electron wavcfc^m 546" in the regions 
that ooirespoQd to quartz pads 570 develops small peak 
values at the points that correspond to the comers of quartz 
pads 570 and is relatively flat between those small peaks. 
Additionally, sccoodary electron waveform 545' has no 
large narrow pulses, as was the case when a well or a 
chromium pad was encountered (see FIG. 15). Thus, the 
comparison technique previously disclosed with respect to 
FIG. 15, can also distinguish phase shift material from 
chromium pads and wells, whether or not they are under-cut, 
and thus is able to detect the presence or absence of wanted 
or unwanted phase shift material and the size and location of 
that material from the resultant shapes in various regions of 
the secondary and backscattcr electron waveforms. 

As discussed previously, the detection of a defect merely 
requires the comparison of the signals, or wavefonns, from 
a mask being inspected with the signals from a supposedly 
identical sample or the calculated signal values from a data 
base. This comparison can have different tolerance levels^ 
depending on whether the portion of the waveforms 
obtained at that instant in time is from a chronoe layer, from 
quartz, or other material or from a well. Thus, for example, 
the waveforms depicted in FIG. 15 can be interpreted to 
identify the structure of the mask and the characteristics of 
the surface, by considering various factors of those wave- 
foons. Those factors of the wavefonns to be considered to 
make the desired distinctions include the height of the spikes 
550 and 552, and curvatures such as 548 that correspond to, 
and make it possiUe to identify, trenches 502 and 514. 

That wavdform analysis for identifying the different fea- 
tures of a phase shift mask is similar to the automatic 
analysis of used with electrocardiograms, which has been an 
area of considerable research in the past (See G. C Stock- 
man: ''A Problem- Reduction Approach to Linguistic Analy- 
sis of Wavefotms", Ph.D. Dissertation, Univ. of Maryland, 
Department of Computer Science, May 1977). This type of 
pattern recognition appears in the literature of syntactic 
pattern recognition with the parsing of a sample by feauires, 
such as peaks and valleys. 

Thus, when applied to phase shift masks, the t>attom of 
the wells, or trenches, are distinguishable by a combination 
of waveform features, including the upward curvature of the 
secondary and backscatter electron waveforms at one of the 
Iowa signal Icveb and signal spikes in the secondary 
electron waveform on both sides of the trench. The detectioD 
of that signal curvature coiresponding to the boctocn d 
wells, or for any other feature such as quartz oo quartz (see 
FIG. 18) can be performed by the nnethod presented in 
Chapter 10, *Two-Dimcnsional Shape Representation** by 
Larry S. Davis, pp 233-245 of Handbook of Pattern Rec- 
ognition and Image Processing, Academic Press, Inc., San 
Diego, Calif., 1986. 
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Addttioiully, each of the sigoai processing n^cdxxU dis- 
cussed in each of the Ust two refcreDces dted, may l>e used 
to assign different detection tolerances in the corapaiisoiu 
dqjending on the features of the masic:^ as well as being 
usable in oombiiiation with the detected of other distinguish- 
ing features to malce a positive detennination of the structure 
of a mask. 

While tiiis invention has been described in several modes 
of opezation and with exemplary routines and apparatui, it 
is coniemfiated thai persons skilled in the art, upon reading 
the i^eceding descriptions and studying the drawings, will 
realize various alternative approaches to the implementation 
of the present invcntioa It is therefore intended that the 
following appended claims be interpreted as including all 
such alterations and modifications that fall within the true 
spirit and scope to the present inventioa and the appended 
claims. 

In summary, the present invention relies on making the 
top surface of the mask to be inspected electrically 
conductive, and on the analysis of the secondary and back- 
scatter electron waveforms created by the topology and 
differences in atomic weight of the various stiuctoxes of the 
mask. 

One may achieve electrical oonductioa along the top 
surface of the mask in ways other than coating of the 
hnisbed mask as illustrated and discussed above with rela- 
tion to the various figures. Another technique would be to 
place a conductive, transparent coating, such as Indium tin 
oxide on the top surface of the quartz substrate before the 
patterned chromium layer is dq)osited on the substrate. If 
that technique is used, the conductive transparent coating 
between the patterned chromium layer pads would not have 
to be removed prior to use of the phase shift mask tot the 
intended purpose since the condociive layer is u^sparent 
Alternately, the quartz substrate could be made conductive 
by ion inq>lantation. An advantage ai permanently making 
the quartz substrate conductive is that it facilitates ion beam 
repair of the mask and precludes damage due to static 
electrical discharge in nomuil use. 

Further, the inspection technique of the present invention 
is not limitrd to use with phase shift masks that perform a 
phase shift that is determined by the etched pattern of the 
quam substrate. A phase shift rnask was used in the above 
discussions of the present invention for cc avenience siikce it 
permitted discussion of various mask patterns, illostrated the 
versatility of techniques that one would use for inspection of 
various mask configurations and the con^leteness of the 
inspection based only on the secondary and backscattcr 
electron wavefoims created in an electron beam inspection 
enWronment. 

The techniques of the present invention provide fcr the 
inspection of many different types of optical masks. Per 
e»unple, any supcrin4>osed matenal, such as ^nn^ glass 
can also be distinguished from the substrate or the chrcmimn 
and win produce sccoodary and backscattcr electron wave- 
forms that make it possible to deteonine the thickness of the 
spin-on glass layer. Further, attenuating phase shift masks, 
such as those that include leaky chromium, or other attenu- 
ating material, can also be inspected widi the tediniques of 
the present invention as discussed above. Similarly, it is easy 
to sec that ttie present invention also provides a uicthod for 
inspecting optical proximity masks. 

What is claimed is: 

[ I'AsystemtoautomaticaUy inspect an optical mask, said 
system comprising: 

film coating system to apply a conductive coating to a top 
surface of said optical mask to produce a conductive 
optical mask; 



